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NOMENCLATURE

A;(s) Polynomial for Zeros of amplifier j
Bj(s) Polynomial for Poles of amplifier §
¢ Temperature coefficient of resistivity of wire filament
Cs Balance capacitor
Cw Lumped capacitor for modeling probe cable capacitance
d Diameter of wire filament
€ Small perturbation input voltage
€o Small perturbation output voltage
€s Small perturbation offset voltage
€wire Small perturbation voltage across wire
€u Small perturbation voltage across wire arm of bridge
E g Oftset voltage of output amplifier
E,, d.c. output of n*! amplifier (see figure 5.1)
Eqi d.c. component of offset voltage
fa Frequency response of feedback amplifier
fo Frequency response of system
F,(s) Normalized frequency response of wire for velocity
G Gain of output amplifier
L, I d.c. bridge currents (see figure 5.1)
11, ip Bridge current fluctuations
I Overall Gain of feedback amplifier
I{, Gain of first equivalent amplifier
K, Gain of second equivalent amplifier
K, Thermal conductivity of fluid
[ Length of wire filament
Ly Balance inductor
Lo Ly for a.c. balance = (R./R;)L.,
L, Lumped inductor for modeling probe cable inductance
M. M, My, M; Time constants of the feedback amplifier
Nu Nusselt number
P(s) Polynomial for system Poles
Qe(3) Polynomial for system Zeros for Offset Voltage perturbations
Qu(s) Polynomial for system Zeros for Velocity perturbations
R Resistance ratio = R,/ R,
R.. Ry, R, Resistive components of Z,(s), Zs(s) and Z.(s)
R, Cold resistance of wire filament
R, Hot resistance of wire filament
R« Asymptotic value of Ry, as E;; — 0
] Bridge imbalance=R, R, — R, R,
§ Laplace variable s = 0 + jw
Sy d.c. sensitivity to velocity fluctuations
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Lumped time constant of hot-wire filament

Small perturbation velocity

Steady component of velocity

Bridge impedances (see fig 5.1)

Impedance in parallel with wire and Z,(s)
Impedance in series with wire

Total impedance of wire arm of bridge

Impedance of wire

Polynomials appearing in system transfer functions

= Ruv(Ru' - Rg)/Rg

Real component of s

Imaginary component of s

System time constant

Period of square-wave response oscillations

Damping of complex conjugate poles given by (T?s? 4+ 2(Ts + 1)
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SUMMARY

A high-performance constant-temperature hot-wire anemometer has been designed based
on a system theory analysis that can be extended to arbitrary order. A motivating factor
behind the design was to achieve the highest possible frequency response while ensuring
overall system stability. Based on these considerations, the design of the circuit and the
selection of components is discussed in depth. Basic operating instructions are included
in an operator’s guide. The analysis is used to identify operating modes. observed in all
anemometers, that are misleading. in the sense that the operator can be deceived by in-
terpreting an erroneous frequency response. Unlike other anemometers. this instrument
provides front panel access to all the circuit parameters which affect system stability and
frequency response. Instructions are given on how to identify and avoid these rather sub-
tle and undesirable operating modes by appropriate adjustment of the controls. Details,
such as fabrication drawings and a parts list, are provided to enable the instrument to be
constructed by others.

vii



viii



ACKNOWLEDGMENTS

The development and construction of the constant-temperature hot-wire anemometer
described in this Contractor’'s Report was supported by the Fluid Mechanics Laloratory
(FML) Branch of NASA Ames Research Center. The project was initiated at the insistence
of Dr. R.V. Westphal. Mr. James Fogarty and Mr. Stanley Mason of Raman Aeronautics
were responsible for the layout and testing of prototypes as well as the final PCB and
chassis and for sorting out problems when production instruments were delivered. Feedback
resulting from testing was received from members of the FML including Dr. James Bell,
Dr. Rabindra Mehta and Mr. Gregory Zilliac. Dr. Bell assumed responsibility for the
project while the author was absent for short periods. Mr. Zilliac's help with the ordering
of components, arranging for their storage and delivery to vendors for fabrication is much
appreciated. Mr. Michael Stock of code ETI negotiated the pricing and oversaw the
fabrication. His professional approach and knowledge were indispensable along with his
promptness in dealing with last minute changes and other issues that arose during the
fabrication phase. The help of Stefan Long, an undergraduate engineering student at
Santa Clara University, and Tara Naughton, a summer student supported by the Sharp
Program, were greatly appreciated during the preliminary testing phase when the first
batch of twenty anemometers were delivered. Special thanks must go to the Branch Chief,
Dr. Sanford Davis, for supporting the project at the outset and for continued support
during the design stage when it appeared that the development cycle would never converge.

PRBSEDING PAGE M ANX NOT FILMED i N \\\






1. BACKGROUND

A hot-wire anemometer is an electronic device which passes an electric current through
a fine filament which is exposed to the flow. The filament consists of a material which
possesses a temperature coefficient of resistivity i.e. as the temperature changes, so also
does the resistance and hence the Joule heating. The variation of resistance is used to
generate signals which are related to the flow velocity or temperature. The instrument
is therefore a thermal transducer which is capable of measuring instantaneous velocities
and/or temperatures.

There are two modes of operation of a hot-wire system. The first mode is called the
constant current mode in which the wire current is kept very nearly constant. The varia-
tions in wire temperature (and hence wire resistance) caused by the flow are measured by
monitoring the voltage drop across the filament. The second mode is called the constant
temperature mode. The filament is placed in a Wheatstone bridge and a feedback amplifier
is used to maintain the wire at very nearly constant resistance (and hence temperature).
Fluctuations in the cooling of the filament cause fluctuations in the wire current which lead
to voltage fluctuations which are measured at the top of the bridge. As the title suggests,
this report is solely concerned with the constant temperature mode of operation.

Many workers have the preconceived idea that the hot-wire technique is fully developed
and that useful measurements can be obtained by simply purchasing a commercially avail-
able system and following the instruction manuals. After all the instrument has been used
for more than 50 years and the operating principle appears to be quite simple. However this
attitude is rather naive and it can often lead to inconsistent measurements or results that
differ from those obtained by others elsewhere in supposedly identical flows. One source
for this disparity is that hot-wire measurements are indirect in the sense that variation
in fluid flow properties are translated into electrical signals via a rather complicated heat
transfer process which is not yet completely understood. Furthermore, the filament has
thermal inertia with an associated time constant. The electronic circuitry also has its own
set of time constants and complicated interactions can occur between the filament and the
circuitry. In summary, the hot-wire anemometer is a complex instrument and departures
from correct operation can be insidious and subtle in nature.

In the late 1960s low-cost high-performance integrated circuit amplifiers became widely
available and it became relatively simple and inexpensive to construct in-house constant-
temperature hot-wire anemometers. One example of these ‘new’ anemometer designs was
implemented at the University of Melbourne, based on the ideas of Perry and Morrison
(1971). The motivation for building these instruments was because of the cost of, and
the anomalous data obtained with, commercially available instruments. The results of
various tests and other observations provided convincing evidence that the behavior of
this particular design was thoroughly understood. In the first year of his Ph.D. (1976) the
author undertook the task of updating this design e.g. by utilizing up-to-date amplifiers
which offered higher performance. During the course of this exercise many phenomena
were observed that were inexplicable in terms of existing theories. These phenomena were
identified as being of higher than the model of Perry and Morrison. Fortunately they could
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be recognized during a square-wave test. The operating point could then be changed by
adjusting the anemometer controls so that these undesirable phenomena could be avoided.

While at Princeton University during 1986-87 the author worked on methods for in-
creasing the frequency response of this type of anemometer design for use in supersonic
flow. A frequency response requirement of 500 kHz is not uncommon in these high speed
flows e.g. to maintain a spatial resolution of lmm when the mean velocity is 500 m/s.
Yet with extremely careful tuning of the system controls by the most highly-skilled opera-
tors and under the most favorable of circumstances a barely adequate frequency response
of around 250kHz can be obtained with commercially available equipment. However the
so-called phenomena of strain-gauging (in the form of small amplitude high frequency os-
cillations) was responsible for contamination of about 3 out of every 4 experimental runs
(A.J. Smits, private communication). Sometimes the oscillations could be made to disap-
pear by adjusting the anemometer controls. This observation led the author to propose
that strain-gauging is a purely electronic, rather than an electro-mechanical phenomenon
and that a more sophisticated model of the system behavior could lead to further under-
standing and possible control of this frustrating problem as well as leading to methods
for increasing the frequency response. In order to explore this and other ideas the theory
of operation of the constant-temperature hot-wire anemometer was extended from 379-
order to T*"-order by Watmuff (1987) by including the effects of bridge capacitance and
the frequency response characteristics of the feedback amplifier. A computer model was
created based on this analysis. The results of an extensive set of simulations using a wide
range of parameters led to the conclusion that incorporation of additional controls into the
anemometer could allow the system frequency response to be increased substantially while
maintaining system stability. These ideas were not translated into hardware at Princeton.

In late 1987 the author was sponsored by the Center for Turbulence Research to work
with R.V. Westphal in the Fluid Mechanics Laboratory at NASA Ames Research Center
on a project concerning turbulent boundary layers. Westphal had experienced frustra-
tion with system instabilities when using subminiature hot-wires (e.g. 0.6um diameter).
The computer simulation was used to demonstrate that inadequate frequency response
of the feedback amplifier was the most likely cause for these instabilities. On the basis
_of all of these findings the development of a new high-performance constant-temperature
anemometer was designed and built which is the subject of this report.

More recently, a completely general analysis has been performed in which the derivation
of the system transfer functions have been “algorithmized”. Transfer functions can be
derived for systems of arbitrary complexity. This work is published here for the first time.

An effort has been made to include operating instructions. The hot-wire anemometer is
a difficult instrument to operate properly and detection of an incorrect mode of operation
can be quite subtle. Examples are given of incorrect operation modes which draw on the
analysis mentioned above for an explanation. Finally, the report contains a description
and a schematic of the circuit together with a parts list with suppliers. This information
is sufficient to enable the anemometer to be constructed by others.



2. CIRCUIT BOARD DESIGN

2.1 Introduction

Prototype layout and testing of subsets of the circuit design was carried out by Mr Janies
Fogarty and Mr: Stanley Mason working for Raman Aeronautics. Raman Aeronautics was
an electronics design and fabrication company contracted to work for NASA Ames Research
Center over a period of many vears. Although Raman Aeronautics is no longer in business.
Mr. Fogarty and Mr. Mason are presently working at NASA Ames Research Center as
contractors with Calspan. Testing was also performed by many of the FML personnel,
in addition to the author. In particular, Mr. Gregory Zilliac performed extensive tests
on the output amplifier section and was responsible for the discovery of a small 2"d-order
nonlinearity. A simplified schematic of the printed circuit board (PCB) and controls is
shown in figure 2.1. The complete schematic is shown in figure 2.2.

2.2 Wheatstone Bridge

The resistors forming the upper half of the Wheatstone Bridge are mounted on the
PCB and are shown in the upper left hand corner of the detailed schematic in figure 2.2.
An important design consideration was to minimize the change in bridge resistance with
temperature as part of an effort to reduce the overall drift of the instrument to a negligible
level. A relatively large power rating of one watt for the resistors is specified to minimize
the temperature rise above ambient owing to Joule heating. The resistors are metal film
with a temperature coeflicient of 50ppm per °C so that the drift is even further reduced.

The standard cross-bridge ratio of 10:1 (i.e. R./R,=10) is implemented by inserting
jumper J3 while ensuring that jumper J4 is omitted. The ten 1k} resistors labeled
RB1...RB10 act in parallel to form the bridge resistor R, = 100§2. The resistor labeled
RB11 forms the bridge resistor R, = 1k2. Using ten resistors for R, and a single resistor
of the same type for R, means that the temperature rise of each resistor should be almost
identical as well as being quite small which will further aid in the reduction of drift. The
optional symmetric bridge is configured by removing the resistor labeled RB11, removing
the jumper J3 and installing jumper J4. These operations lead to R, = R, = 200Q. In
the standard 10:1 cross-bridge ratio configuration the current flow through the passive arm
of the bridge is around 10% of the wire current. With the optional cross-bridge ratio of
unity the total current capacity of the power supply may need to be increased since the
current in the passive arm of the bridge will be approximately equal to the wire current.

The components R, and Ly which form the balance arm for the standard 10:1 bridge are
located on the front panel. A group of resistor decade (1-2-2-2 code) thumbwheel switches
is used to set the hot resistance of the probe. The switch is labeled on the sketch of the
front panel controls (see figure 3.1) and it is configured such that the setting corresponds
to the balance resistor setting in ohms i.e. the setting shown in figure 3.1 corresponds to
Ry, = 123.092. For the standard cross-bridge ratio of 10:1 this setting corresponds to a
hot operating resistance of R,, = 12.3Q2 for the wire. The tunable Cable Compensation
Inductor L; was selected for use with a co-axial probe cable of total length approximately
5 meters. The adjustment range is satisfactory for systems with a frequency response
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of 20kHz to 30kHz, but smaller values of the inductor may be required for optimum
frequency response when smaller wires are used since they have a higher frequency response.
(Refer to section 6.5 for suggestions and examples for improving the stability when using
subminiature wires). One simple solution in this situation is to use a longer cable rather
than substitute a smaller inductor. However the overall performance of the system will
be improved if a smaller inductor is used. In this case the benefits of reducing the cable
length to a practical minimum should be considered in conjunction with the substitution
of the inductor since performance is improved when the total inductance is reduced. The
scaling for selection of a suitable replacement inductor can be based on the ratio of the
cable lengths.

The BNC connector labeled EXT RB is used for the optional configuration in which the
cross-bridge ratio is set to unity. For this optional symmetrical bridge configuration the
Hot-Wire Resistance Thumbwheel switch and balance inductor must be removed from the
bridge. The balance resistor R; should be located at the end of a length of co-axial cable
that has been carefully chosen to match the probe cable. This configuration offers superior
compensation to the simple lumped inductor (by using an actual length of cable instead).
Once again, it is emphasized that the bridge must be symmetrical for this option to work

properly.

2.3 Feedback Amplifier

As mentioned previously many of the ideas for this design were based on the findings of
the analysis described in section 5. In particular, front panel control would be required for
the gain and frequency response of the feedback amplifier in addition to the offset voltage.
In some situations it is possible for the overall frequency response of the anemometer to
exceed the open-loop frequency response of the feedback amplifier alone. However this i1s
not always the case and the feedback amplifier should have the potential for both a high
gain and a high frequency response in order for the anemometer as a whole to achieve a high
frequency response. A realistic maximum frequency response for a constant-temperature
hot-wire anemometer was taken to be 500kHz as could be required in a supersonic flow
for example. The specification for the feedback amplifier was set at twice that frequency
(i.e. IMHz) at the representative gain of A'=1000. To achieve such a large gain-bandwidth
product (i.e. GBW = 10°) it was recognized that the feedback amplifier would have to
consist of a cascade of individual amplifiers.

At the outset, the feedback amplifier was designed to consist entirely of operational
amplifiers conforming to the industry standard 8-pin configuration e.g. LM741. This
would provide the largest possible choice of devices at present as well as allowing for
upgrades in the future as higher performance devices become available. The high input
impedance of instrumentation amplifiers makes them attractive for the first stage of the
feedback amplifier cascade and a prototype was constructed using three distinct operational
amplifiers. Unfortunately the noise level was less than satisfactory. The magnitude of the
noise was found to be dependent on the individual amplifiers even though a variety of
high quality devices were tried e.g. Analog Devices AD744. Further, the noise level would
change by up to a factor of five upon substitution of a supposedly identical amplifier i.e.
one with the same part number from the same manufacturer. Therefore a number of
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carefully matched integrated instrumentation amplifiers were tested in an effort to reduce
the noise level. The best combination of performance and low noise was obtained with the
high performance Burr Brown INA103 Instrumentation Amplifier. The advertised gain-
bandwidth product is 100MHz at a gain ' =1000 and the noise level is very low at 1.5
nV/vHz at 1kHz. The instrumentation amplifier is labeled "1 in figure 2.2. Jumpers J6
and J7 are used to counect the bridge to the amplifier and they are easily removed for
testing purposes. The default configuration for U1 is for a gain of 100 which is imposed
by inserting jumper J5 on the PCB. The amplifier will have unity gain if the jumper is
omitted. The gain may be adjusted to a nonstandard value by inserting a resistor R1
which is selected according to R1 = 6/(A — 1)kQ. Integrated Circuit numbers U2, U3
and U4 were originally used for the discrete amplifier components of the instrumentation
amplifier. These numbers are no longer used since the amplifiers were replaced by the
single IC U1.

The rest of the feedback amplifier cascade consists of four operational amplifiers that
conform to the industry standard 8-pin layout. The first two amplifiers are AD744 (U5 and
U'7) and they are configured as variable gain blocks while the other two ({'9 and U12) are
JFET input LF356 which form the low-pass filter section. The roll-off frequency of each
variable gain block operational amplifier is adjusted by switching the feedback components
i.e. the resistors and capacitors which connect the output to the summing junction. The
roll-off frequency of each filter block is adjusted by switching the resistor which is part
of an RC network forming the input impedance of the amplifier. One way of performing
these switching operations is to place the components directly on a front panel switch.
However this is bad design practice since either long routing distances or long leads would
be required for the connection from the amplifier to the switch and back. The feedback
components should be positioned as close as possible to the amplifier for minimum noise
and for best performance. This objective was achieved in the current design by connecting
the feedback components with LF13508 analog switches (U6, U8, U10 and U11) which are
mounted on the PCB close to each operational amplifier. The analog switches are in turn
controlled by the front panel switches which generate the digital logic control signals.

The BCD rotary switch labeled GAIN is used to control the overall gain of the feedback
amplifier. The BCD outputs drive a logic circuit consisting of the integrated circuits
U24, U25 and U26. The logic circuit controls the analog switches in a manner such that
the gain of each stage follows the sequence listed in the table on the schematic in figure
2.2. This arrangement tends to distribute the total gain requirement evenly among the
two amplifiers. The advertised gain-bandwidth product of the Analog Devices AD744
operational amplifier is 13MHz so that the frequency response would only just fall short
of the design specification of 1IMHz at the maximum gain level of 16. This corresponds
to an overall gain K =25,600 for the feedback amplifier. Tunable capacitors are provided
for the input impedance (e.g. C2) and in the feedback loop (e.g. C6) so that adjustments
can be made to ensure that the Bode diagram is flat with frequency. The Bode diagram
(frequency response) cannot be guaranteed to be flat out to these -3dB points unless these
capacitors have been tuned manually. (See sections 3.4 and 3.5 for tuning instructions).
The BCD rotary switch labeled FILTER is used to control the roll-off frequency of the
feedback amplifier. Only the first three BCD outputs are used which means that only
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the first 8 positions are sequential i.e. switch positions 9 and 10 have the same effect as
positions 1 and 2. The switch drives the logic inputs of both analog switches directly. The
approximate -3dB roll-off frequency of the amplifiers follows the logarithmic sequence listed
in the table on the schematic in figure 2.2. Note that the LF356 operational amplifiers {'9
and ['12 are essentially acting as buffer amplifiers. This arrangement isolates the second
AD744 gain block from the capacitance of the second filter block. Without this feature the
capacitive load of the second filter block could cause the AD744 to undergo high frequency
oscillations. A simple pole of fixed frequency is incorporated into the feedback loop of each
LF356 amplifier to ensure stability. The roll-off frequency of the pole 1s around 2.1 MHz
which is well beyond the design specification so that it does not interfere with the overall
performance objective.

The d.c. offset voltage E,; and the square-wave perturbation voltage es are injected
into the first gain stage. The d.c. offset is adjusted using the front panel potentiometer
labeled RV4. The square-wave input is derived using the logic circuit consisting of inte-
grated circuits labeled U730, ['31 and U'32. A toggle switch is used to provide power to
the logic circuit and a LED is used to indicate the On position. The circuit is powered
down when the square-wave is not being used because this helps minimize the noise. The
amplitude of the square-wave is adjusted using the potentiometer labeled RV2 which is
located on the printed circuit board. The square-wave amplitude should be small enough
to avoid nonlinear behavior i.e. the response to positive and negative fluctuations should
be symmetrical. A square-wave amplitude of approximately +100mV has been found to be
satisfactory. The frequency of the square-wave is adjusted using the rotary switch labeled
FREQUENCY on the front panel. The square-wave frequency is not a critical parameter
and control is provided for convenience of observation on an oscilloscope.

The last LF356 operational amplifier in the feedback amplifier cascade (U12) cannot
provide the current required to drive the Wheatstone Bridge. The power transistors T'1
and T2 are included for this purpose. The transistors are configured as a Darlington pair
and testing has indicated that they are capable of supplying a current of 100 mA while
maintaining a frequency response in excess of 1MHz. The output of U12 is connected to
the power transistors via the LF13508 analog switch U14 which is toggled by the front
panel Standby/Operate switch. The arrangement of these components can be seen on the
second page of the schematic shown in figure 2.2. A LED is used to indicate when the
switch is in the Operate position in which case the output of U12 is connected to the base
of T1. When the switch is in the Standby the position the input to the power transistors is
grounded and the anemometer is disabled. The switch should be in the Standby position
when the probe is connected or removed from the instrument otherwise transient currents
may cause the probe to burn out. The output of the power transistor T2 is available at

the front panel BNC connector labeled TOB (Top Of Bridge).

2.4 Output Amplifier

Typically, the output voltage of a constant-temperature hot-wire anemometer consists
of a relatively large d.c. component upon which are superimposed the small fluctuations
which are of interest. It is common practice to utilize a separate “buck and gain” amplifier
to subtract a d.c. voltage from the anemometer output and to amplify the resultant signal
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so that it fills the voltage window of an analog-to-digital converter. For convenience.
an output amplifier has been incorporated into the instrument for this purpose. The
output amplifier is essentially an analog computer circuit which is hardwired to perform
the following linear transformation,

E, = -G(Ei + Eorr) (2.1)

where G is the gain, E; is an input voltage and Eog is the offset voltage. It is configured
as an inverting amplifier because the sensitivity of the anemometer (TOB) output voltage
1s negative. With this arrangement the overall sensitivity of E, is positive with respect to
velocity.

The front panel Standby/Operate switch is also used to toggle the LF13508 analog
switch labeled U13 which connects one of two signals to the output amplifier. When the
switch 1s in the Operate position, the input voltage E; consists of the output of T2 i.e. the
TOB output voltage of the anemometer. When the switch is in the Standby position the
input voltage E; consists of the signal applied to the Calibration Input BNC connector
located on the front panel. The gains of the output amplifier listed in the table in figure
2.2 are only approximate. Careful matching of the resistors would be required for the gain
values listed in the table to be realized with precision. However in most situations this
1s unnecessary. The ability to apply known voltages to the Calibration Input allows the
constants G and Eoqf in equation (2.1) to be determined by direct calibration. One reason
for wanting these constants with high precision is to enable the recalculation in software of
the TOB voltages from the digitized values of the output amplifier signals. This would be
the case for a hot-wire calibration scheme based on King’s Law, for example. However in
other circumstances it is not even necessary to know the magnitude of the constants since
the calibration of the output amplifier can be absorbed into the hot-wire calibration as a
whole. This would be the case with polynomial based calibration schemes, for example.

The operational amplifier U34 serves as a voltage follower buffer between the output
of the LF13508 analog switch U13 and the unity-gain inverting amplifier U15. In the
prototype design the analog switch was directly connected to the inverting amplifier U15.
The input impedance of amplifier U15 is only 5k and it was discovered that the small
nonlinearity associated with the impedance of the analog switch introduced a small 2™4-
order nonlinearity into equation (2.1). Using a larger input impedance of 100k for U15
reduced the nonlinearity but unfortunately had the side effect of increasing the noise. The
best solution consisted of the introduction of the buffer /34 since the extremely high input
impedance reduced the nonlinearity to a negligible value. This also allowed the low 5k
input impedance to be retained with U15 thereby maintaining the lower noise level.

The offset voltage Eog is adjusted using the locking counting dial mounted on the panel
to set the potentiometer labeled RV 3. Unlike the feedback amplifier, the offset and input
voltages are introduced into the separate unity gain inverting amplifier /15 rather than
the first of the variable gain stages. The extra inverting amplifier is available because of the
requirement of producing an overall negative sensitivity as per equation (2.1). The gain G
is adjusted using the BCD rotary switch labeled GAIN in the output amplifier section on
the front panel. The BCD outputs drive a logic circuit consisting of the integrated circuits
(27, U28 and U29. The logic circuit, the analog switches /17 and U'19 and the amplifiers
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(716 and U718 are essentially a duplicate of variable gain blocks of the feedback amplifier.
The overall gain corresponding to the switch positions follows the logarithmic sequence
listed in the table in figure 2.2. Also in a duplicate manner to the feedback amplifier, the
front panel rotarv BCD switch labeled FILTER. the analog switches U'21 and {723 and the
operational amplifiers U20 and U'22 serve as simiple pole filters for the output amplifier.
The approximate roll-off frequency of the amplifiers. as defined by the -3dB point, follows
the logarithmic sequence listed in the table on the schematic in figure 2.2. In an earlier
version of the circuit the output consisted of amplifier 722 which was found to undergo
oscillations when driving long cables. The final stage of the output amplifier now consists
of an OPA633 buffer amplifier {733 which avoids this problem. It should be noted that
this device is capable of supplying a large current. The 1002 current limiting resistor R97
is placed between the output and the BNC connector for protection purposes. In many
circumstances it may be possible to use the last filter stage amplifier I'22 for the output
without any problems and U33 may be replaced with an appropriate jumper.

2.5 Power supply and PCB layout

As mentioned previously, the intention was to create a high performance anemometer
design. Part of this overall objective was the desire to minimize electronic noise. For this
reason the PCB can be configured with dual power supplies. Testing has revealed that
the broad-band noise level at the TOB is halved when dual supplies are used. Dual power
supply operation also may be necessary in situations where the bridge requires relatively
large currents. This could be the case with the optional symmetric bridge configuration
and/or if probes are used that require a larger current e.g. hot films. Jumpers J1 and J2
must be installed if only a single £15V power supply is to be used. It is recommended
that the lowest noise modular 15V power supplies be used. Note that the front panel
toggle switch labeled POWER does not switch the 110V 60Hz a.c. power. The switch is
responsible for connection of £15V power to the PCB. From the viewpoint of minimizing
noise the advantage of the dual supply configuration is that one supply is dedicated to
the anemometer section alone (i.e. the bridge, feedback amplifier and power transistors)
while other £15V supply is used for the output amplifier where the susceptibility to con-
tamination by noise is much less. This second +15V power supply also feeds a single
+5V voltage regulator for powering the logic circuits and the front panel indicator LEDs.
Bypass capacitors are located between the supply and ground rails as close as possible to
each active device mounted on the PCB. All operational amplifiers use 2.2uF capacitors
while 0.1uF capacitors are used for the digital I.C.s and analog switches.
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